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ABSTRACT : 


An attempt has been made to analyse the distribution of organic solute within micelle. 
Experiments were carried out both stirred and unstirred cell, using asymmetric cellulose 
acetate membrane of lOOO molecular weight cut off. The solute and surfactant were 
taken PhOH and CPC respectively. For a particular experimental condition flux was 
constant. There is a distribution of organic solute between aqueous phase and micelle 
phase. The solute consumption capacity of the micelle decreases with increase in pressure. 
With increase in surfactant concentration the percentage consumption of organic solute 
increases but observe rejection of the surfactant with respect to membrane decreases, 
which is not desirable for industrial applications. Therefore, there must be some optimal 
surfactant /solute ratio in which micelle enhanced ultrafiltration works most efficiently. 

Recovery of surfactant made possible by adopting <i standard procedure. Hence, the 
MEIIF processes will be cost saving. 
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NOMENCLATURE : 


a = Area per head group (m^). Pore radius (m) 

A — Membrane surface area (m^) 

C — Solute concentration(A;g'/m^) 

C — Solute concentration {kg/m^) 

Cb = Bulk concentration {kg/mA) 

Cm = Membrane surface solute concentration (kg/m^) 
Cp = Permeate concentration {kg/m^) 

D = DifFusivity (m'^/s), optical density. 

G = Free energy per mole {J/mole) 

H= Enthalpy {j j mole), equilibrium parameter 
J = Flux (m/6') 

K = Apparent solubilisation constant 
A'i,A '2 = Integration constants 
1 = Cell thickness (m) 

P = Pressure (Pa) 

tq = Interior space of the micelle (m) 

R =Radius (m), Gas constant (J/(mole.K)) 

Ra = Resistance due to adsorption (m~^) 

Am = Membrane resistance (m“^) 

Ro — Observe rejection 

Rp = Resistance due to polarisation (m“^) 

Rr = Real rejection 
S =Entropy (J/K) 
t = Time (s) 

T = Absolute temperature (K) 



ABBREVIATIONS : 


amp = Amper 

cmc = Critical micelle concentration 
cone, = Concentration 
Hz = Hertz 
m = Monomer 
M = Micelle 

MWCO = Molecular weight cut-off 

n = Aggregation number 

nm = Nanometer 

ppb = Parts per billion 

rpm = Revolution per minute 

V = Volt 

w = Watt 

X = Mole fraction 

GREEK LETTERS : 

= Viscosity of the solution {kgfm.s) 
T = Tortuosity 
6 = Membrane thickness 
TT = Osmotic pressure 
0, $!> = Spherical coordinate 

= Mole fraction of micelle 

SUPERSCRIPTS : 


o = Standard state 



- = Average 


SUBSCRIPTS 


1 = Solvent 

2 = Solute 

c = Colligative 



Chapter 1 

INTRODUCTION : 


One oi the most bentul problems confronting chemical < ngint'ers and separating scientists 
is he removal of toxic organic materials present in small or trace quantity from aqueous 
solutions. Membrane separation processes while attracting in principle, are not techni- 
cally viable. Membranes capable of passing water but rejecting small organic molecules 
are simply not now available. Extensive research is getting carried out world wide to d('- 
velop membranes particularly ceramics membranes or inorganic membrane to fulfill this 
inadequacy. Till much success is yet to come. The process most conventionally adopted is 
fixed bed adsorption. However, this procedure is neither selective nor particularly energ}’ 
efficient. Other alternatives such as distillation or solvent extraction are apparently even 
more unattractive. 

Micelle enhanced ultrafiltration (MEUF) is a recent de.velop technique that remove dis- 
solved organic solute from water. In this proposed process [1-2] surfactant is added to 
the water stream. The surfactant forms spheroidal aggi-egales of about 50-150 molecules 
called micelles. The original organic solute tends to solubilize or dissolved in the interior 
of the micelles. Some selectivity is possible because the extent of solubilisation will de- 
pend on both the structure of the solubilizate and the surfactant. The micellar solution is 
filtered through a membrane capable of rejecting micelles. The solubilizate is, therefonx 
also rejected. The retentate contains the rejected organic solubilizate and the surfactant. 
Scamehorn et al. [1-2] termed this process as MEUF. The ])rocess is versatile enough to 
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include separation of hydrocarbon, recovery and removal of (►rganic acids and amines, and 
separation and concentration of metal ions. Hence addition of surfactant above its critical 
micelle concentration (cmc) to water containing dilute hydrophobic organic pollutants can 
be removed in solubilization of the solute in the micellar interior. A schematic version of 
MEUF process is shown in fig. 1.1. 

In theory, the concentration of solute in the permeate? stream should be equal to or less 
than the unsolubilized solute concentration in the retentate-. The theoretical surfactant 
concentration should be equal or less than the monomeric surfactant concentration in the 
retentate. Both these concentrations can be very low, resulting in very pure permeate. 
The retentate stream contains the solubilized solute and the surfactant (in micellar form) 
in very high conceutrationH. This stream is much smaller in volume than the original 
feed stream so is much less expensive to dispose off or to treat to recovery the solute 
and surfactant. Since the surfactant and solute generally liave vastly different physical 
properties, they can be separated quite readily. 

The selection of a surfactant is an important issue in in designing separation processes 
based on MEUF. The binding of hydrophobic solutes to both ionic and nonionic mi- 
celles was considered and was shown to be a function of the molecular structure of the 
surfactants, the concentration of the surfactant and the electrolytic composition of the 
water [3]. However, the present work weus not started w'ith this aim. Further many work 
has come in this direction. Several models have been attempted to predict and to pro- 
vide understanding behind the movement and attachment between the solute and the 
micelles. Markel et al. [4] have recently studied micellar ultrafiltration in an unstirred 
batch cell at constant flux. They have developed an unsteady mass-transfer model to 
describe MEUF at constant flux and claimed excellent agreement between the model and 
experiment. The model is able to describe quantitative characterization of the intrinsic 
membrane rejection properties for both surfactant monomer and micelles, and support 
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the physics at the membrane surface (presumed in the model). However, such surfaced 
based model may not able to describe the complete physics until what happens in the 
interior of the micelles is also understood. Since, micelles vary in shape and sizes, an 
assumption may be taken where solute once comes on to the* surface of the micelles enter 
into the interior[5]. Such assumed physics may allow us to incorporate the mass transfer 
phenomena in the interior of the micelles. Such attempts have not been made elsewhere, 
hence, the present work has been under taken to study micellar enhanced ultrafiltration in 
a batch cell at constant fiu.x with the assumed physics slated above. Further in predicting 
MEUF separation efficiency it is use to have information about the equihbrium behavior 
of the particular organic solubilizate species. Such att<impl s of development of a model 
is predict MEUF process would help in efficient design and understanding of the processes. 

Thus the major broad objectives to remove organic solute dissolved in water by MEUI’’ 

are; 

(1) To carry out an experimental study using different concentration of a particular or- 
ganic solute (phenol in water) using different concentration of surfactant (cetylpyridiniurn 
chloride, epe) in a stirred and unstirred batch cell at different operating conditions. 

(2) To develop a mathematical model using mass-transfer phenomena for the case of a 
solute present at the surface of the micelle and entering into the micelles. 



RETENTATE 



FIG. 1,1 Schematic of micellar- enhanced ultrafiltration to remove 
dissolved organics from water. 





Chapter 2 

LITERATURE CITED : 

2.1 Separation processes involving organic solute in 
aqueous medium : 

In the petrochemical industries separation processes are employed, in addition to feed 
stock preparation, for the separation of the desire product, often is very high purity. 
Among the separation processes, the main processes are; distillation, extraction, adsorp- 
tion and membrane separation. .Although distillation is the oldest separation process it 
continues to be the main workhorse. There has been a growth of adsorption proces.ses 
both in the gas and liquid phase in the recent past. Also membrane separation has made 
an entry in the petroleum industry and several potential areas are being investigated. For 
removal of volatile organic matters from ground water, an air stripping system using Rigee 
process was installed in a plant in Michigan in 1985. Organic contaminant are reduced 
from 300 to 3000 ppb to 1 ppb. Extraction processes are also widely used in the petroleum 
industries, particularly in two areas 1) in the production of light aromatic, and 2) in the 
dearomatisation of lube fraction for improvement its viscosity index. Membrane separa- 
tion has been practiced in many years of liquid-liquid and liquid- solid streams. Qnly in 
1979 membrane separation has been used in gas separations. Pervaporation process has 
the potential in the following areas. Methanol recovery in MTBE, dewatering of alcohol 
and solvent, and organic solvent recovery from waste water. Membrane are also being 
used for gas separation in the following areas: hydrogen recovery, air separation and acid 
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gas and water removal from natural gas. 

2.2 MEXJF : 

Micellar enhanced ultrafiltration (MEUF) has been shown an effective method for remov- 
ing water-soluble organic pollutants from aqueous streams. During the last decade lot of 
work have been carried out in this field. All attempts have been made to describe flu.x. 
permeate concentration varying with time and development of different mathematical 
models. Further.the behavior of micelles on UF membranes with respect to fouling has 
been also of concern to researchers. Bhat et al. have been shown to be for several type of 
organic compounds [lJ-8]. In MEUF a surfactant is added to the aqueous stream con- | 
taining a dissolved organic contaminant, causing a large fraction of the solute to associate 
with surfactant micelles. When the aqueous stream is passed through an ultrafilter Itav- 
ing a molecular weight cut off in the range of 1000-20000, most of the surfactant, and tlu' 
organic compounds remain in the retentate solution. In a number of MEUF experiments, 
the effluent or permeate solution has been shown to contain organic solute at a very low 
concentration, approximately equal to the concentration of the free organic molecules in 
the retentate solution. 

2.2.1 Equilibrium solubilisation of organic solute in micelle : 

In MEUF solubilisation of organic solute in the micelle combined with ultrafiltration of ; 

these micellar solution, lead to the removal of dissolved, low molecular weight, organic 

■ 

pollutant from water. Since permeate and unsolubilised solute have same concentration, | 
the equilibrium solubilisation of the solute dictates the permeate purity and ixqection of | 
the solute by the membrane. Studied have been made for the equilibrium solubilisation- | 
different solubilisate o-, m- and p-cresol [8], 1-butanol and 1-pentanol [9], benzoic and 
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phenylacetic acid [10]. using different micellar solution through out the range of concen- 
trations. To observe the micelHsation equilibrium affected l)y solubilizates [9|. .Apparent 
solubilisation constants have been defined [7-10], 

K=(mole fiaction of cresol in the micelle)/(conc.of unsolubilised cresol). 

K=(solubilised phenol) /(monomeric phenol) (micella.rsurfactant). 

And have correlated with mole fraction ofsolubilisate wil hin the micelle. Tlu' activity 
co-efficient [9- 10] of both solubilisate and surfactant W(H'e obtained, consistant with the 
Ciibbs-Duliem equation. The appararent solubilisation constant also decreased apprecia- 
bly, and the activity co-efficioMits ot the solute increased, as the mole fraction of the solute 
in the micelle increased. 


2.2.2 Selection of surfactants : 

Among three different kind of surfactants namely cationic, anionic and nonionic (zwitteri- 
onic) the selection of a surfactant is an important issue in designing separation processes 
based on MEUF [12]. The binding of hydrophillic solutes to both ionic and nonionic 
micelles was considered and shown to be a function to the molecular structure of the 
surfactants, concentration of the surfactant, and the electiolytic composition of water. 
Swelling of the micelle by solubilising certain non polar compounds was found to be only 
marginally improving the separation efficiency. There appears to be an optimum surfac- 
tant molecular structure, but it may not be possible (even under the best conditions) to 
completely remove any organic solubilisate from it’s aqueous streams. 
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2.2.3 Counter ion binding and mixed micelles : 

Micelle composed oi mixture of surfactants with different structures (mixed micelles) are 
of great theoretical and of industrial importance. Since surfactant use in commercial ap- 
plications are rarely pure, there is increasing interest in understanding the structure and 
properties of mixed micelles. Example of such applications a.re enhanced oil recovery and 
detergency. There has been a great deal of recent effort to model and understand these 
mixed micelles. Howet’er. there is a extreme paucity of data of a ket' parameter of mixed 
micelle formation, i.e. counter ion binding. Kamrath and Franses assumed that counter 
ion binding was constant to their applications of the mass action model to describe mixed 
micelles [13]. Counter ion binding data can also help to elucidate the physical mechanism 
leading to non ideality in mixed micelles. For example an ionic/nonionic mixed micelles, 
the negative deviation from ideality is explained by purely electrostatic arguments, i.(>. 
the reduction in the electrostatic impulsion between charged hydrophillic groups upon in- 
.sersion of nonionic hydrophilic groups. On the other hand MEUF can be used to separate 
mono or multivalent ions from the waste streams. For instance, chromate (CrO.)) can h(‘ I 
removed from aciueous streams using hexadecylpyridinium chloride as surfactant. Where 
chromate ions preferentialh' adsorbed at the surface of the liighly charged of the surfac- 
tant micelle [14]. 

2.2.4 Removal of organic pollutants from aqueous streams us- 
ing MEUF : 

MEUF is a membrane .separation process which may be used to remove dis.solved organic 
solute from water. In MEUF, surfactant is added to the aqueous stream and form ag- 
gregates, called micelles, in to which the solute is solubilizises. The stream is then force 
through an ultrafiltraiion membrane with the average pore sizes small enough to reject 
the micelle containing the solute. The permeate from MEUk contains the organic solute 
at concentration equal to the unsolubilised solute concentration in the rejected (reten- 
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tate) solution. The removal of the various organic pollutants, say phenol, benzoic acid, 
n-hexanol, n-heptanol. n-octanol and o-.m- and p-cresol were studied. Pollutants rejection 
varied from 75 to 99 percentage, demonstrated the feasibity of the method [9]. Rejection 
of pollutant increased with increasing hydrocarbon chain length and surfactant/pollutant 
ratio [10]. On the other hand with increasing surfactant concentration, rejection of sur- 
factant with respect to membrane decreases. Also high flux values were observed. 

2.3 NATURE OF SURFACTANT AND MICELLE 

2.3.1 Surfactant and micelle : 

It is only a technical term, and also diminutive form of the phrase SURFace ACTive | 
AgeNT. Surfactants or surface active agents, are materials that tend not only to accu- 
mulate at surfaces, hut which by their presence, changes the properties of those surfaces. 
More generally, they are active at interfaces that can be between solid-liquid, liquid-liquid 
or li(|ui(l-gas pairs of phases. However, our major interest, because of their widespread ; 
occurrences in natural, industrial and domestic situations, is in systems where the liquid 
phase is water. Surfactant molecules have two distinct parts, as shown in fig. 2.1a, one 
that has an affinity to the solvent the other that does not. In aqueous solutions, these [ 
two moieties are hydrophilic and hydrophobic respectively. It is the tendency for the 
hydrophobic parts of the molecules to aggregate because of mutual dislike of the solvent, 
which is the driving force for surfactant self- association as shown in fig. 2.1b. Micelliza- | 
tion occurs when a particular concentration is reached at a given temperature. The initial | 
concentration at which micellization begins is designated as the critical micellization con- | 
centration, CM(b Every as.sociate colloid has a definite CM(7at a given temiierature. 
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2.3.2 Structure of micelles : 

The existence of different shape and size of micelles ha'^'e been proved [5]. Thev are vary 
in shape and size and also interchangeable from one form to another. These are spheri- 
cal, c\ liiidncal, flexible-bilayer, planer-bilayer and inverted micelles depending upon the 
conditions of the prevailing systems as shown in fig. 2.2a and 2.2b. 

2.3.3 Dynamics of micellar aggregation : 

Mic(dles arc' not fixed emitic's but have a transient character. .Surfactant monomers rapidl,\- 
join and Ic'avc's tlie micelles, whose aggregation number prescmt only an average over time'. 
The most, wiclc'ly acceptable method for the determination of aggregation number and .size' 
is small angle- neutron scatteu'ing (S.A.NS). 


2.3.4 Micelle formation : 

When surfae;tant molecules are aggregated at the inteiface, such an oil/water interface, 
hydrophobic interactions between adjacent alkyl chains provide a force tending to pack 
the molecules closer together. The hydrophilic groups, on the other hand, have such a 
strong affinity for water that there is tendency for them to b(' spaced out to allow as mucli 
water as [lossible to solvate each head group. When the head groups are charged elec- 
trostatic repulsion provides an additional force tending to increase the area per molecule. 
Thus there is a situation of opposing forces, as shown in fig 2.3. Where the interfacial 
free energy per molecule plotted against, a^, the area j^er head group. Hydrophobic in- 
teraction tending to decrease the area per molecule where as hydration and electrostatic 
repulsions are tending to increase the area. The minimum point of the net free energy 
curve denotes an optimum value for the area per head group Oo- It is assumed that, in 
any spontaneously formed aggregates, head groups are packed so that they occupy an 
area very close, oo- 
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Figure 2.2a Schematic drawing of the structure of: (a) the hexagonal liquid-crystalline phase; 
and (b) the lamellar liquid-crystalline phase. 
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Figure *2.3 Attractive and repulsive interactions occurring in the interfacial head group region 
of amphiphilic structures. Uo is the optimal head group area 



Chapter 3 


THEORETICAL 
CONSIDERATIONS : 


3.1 Flux through the membrane : 


The water (lux through the porous membrane can be describe by Darcy's law which state 
tliat (.lie How rat<' is directly proportional to applied pressure gradient; 


1 

dA ydt j 


( 3 . 1 ) 


where II, „ is the membrane' intrinsic hydraulic resistance. It is function of pore .size, 
tortuosity, membrane thickness and porosity as follows; 


Rm = —r ( 3.21 

Since ultrafiltration membranes are plastic and can yield (compact) or creep under pres- 
sure, R,n is also a function of pressure history. Initial membrane compaction occur rapidly 
during startup, whereas long term compaction occures slowly during the operative life of 
the membrane itself. During membrane compaction, appiled pressure should be somewhat 
more than the maximum pressure at which the reading will be taken. During ultrafiltra- 
tion of macromolecular solutes, the the linear relationship between fiux( J) and pressure 
dilferential(AP) does not hold good. At that time, jolutc's get accumulated near the 
membrane causing permeate flow resistance to rise. But in ()ur present studies there will 
be no concentration polarisation. . 


27 
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3.2 Osmotic PrcssurG mod©! and Florey’s equation 

From the concentration polarisation model, it is evident that the concentration of tlu' 
solute on the membrane surface will be considerably higher than the bulk. This high 
concentration on one side of the membrane and very low on the other side creates an 
osmotic pressure difference( A tt) which acts in opposition to the applied pressure (AP). 
So in equation 3.1, (API is now replaced by effective pressure differential (AP - Att), 

, AP — Att 

But this ('quatiou is still not correct. Macromolecular solutes may get adsorbed, can cause 
fouling and also form a distinct polarised layer, which is also not applicable for our cases. 
These i)henumenon are accomodated by introducing the resistance due to adsorption term 
P,„ and /?,„ P„ being resist, ance due to adsorption and Up that due to the formation of 
polarised layer. Therefore ; 

AP-Att 

3.3 Real and observed rejection : 

Membrane rejo'ction or the ability of the membrane to reject certain specific solute is 
defined as follows : 

Rp = \-CplC^ (3.5) 

This equation involves the term Cp and Cb i.e. perm<eate concentration and bulk con- 
centration which can be easily measured. So this rejection is called observed rejection. 
However, clue to concentration polarisation, which is not in our case, the concentration 
at the membrane surface will be some what higher than the bulk. Rejection based on 
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membrane surface concentration is called real rejection and is defined as : 

^ ^ — CpICm (3.6) 

3.4 Thermodynamics of micelle formation : 

Few attempts have been taken to clarify micelle formation Irom thermodynamic point of 
view. Sole problem lies on the precise description of the aggregated species. The free 
energy change for aggregation per mole of monomer referred to a mi.xed standard state; 


A$° = RT [In .V, - {ln(A, - Y,)} /n] 


(3.7) 


The “mixed standard state’’ corresponding to a mixer of the individual micellar species 
in their respective standard states, X 2 is the mole fraction of the monomeric surfactant 
(.Yibeing the mole fraction of the solvent), is the colligative mole fraction measured 
experimentally. If .Y^ is the total mole fraction of the surfactant, than average aggregation 
number, n can be determined from colligative measurements using the relation 


__ {Xt-X2) 


(3.8) 


If we know X^ from colligative property then with the help C'f above equations 3.7 and 3.8 
we can calculate' h and A<i >2 ^ function of concentration. On the other hand enthalpy of 

micellisation per mole of monomer for a non-ionic surfactant is related to the temperature 
dependent of the CMC by : 


Mim = HT'^ 


dlnX^ 
• dT 


'ain(A7.-.Y2] 

dT 


(3.9) 


In practice, when alkyl chain length is consists of more than eight carbon atoms ag- 
gregation number soon becomes sufficiently large. So free energy for micelle formation 
becomes; 

=i?rin CMC (3.10) 


Where CMC is in mole fraction unit. When the aggregation number is large enough, then 
the micelle can be treated as a separate phase whose chemical potential is equal to the 



chapter 3 Theoretical considerations 


30 


standard chemical potential, since the mole fraction in this separate phase is equal to I. 
These aggregates are in equilibrium with monomer in solution at a mole fraction euqal to 
the CMC, so that; 

Mm = + RT In CMC (3.11) 

and Pm = Ma/ (for micelle) 

The standard free energy change on micellisation; 


= i?r In CMC 


(3.12) 


and the enthalpy of micellisation is 


A//,„ = -RT^ 


a In CMC] 


dT 


p 


(3.13) 


Hence standard (nitropy of micellisation can then be calculaled using the equations (3.12) 
and (3.13). 


AGl = AH^-TASi 


(3.1 ■!) 


3.5 Mechanism of micelle formation : 


From fig. 3.1 it is clear that gradual decrease in stander free energy with increase in chain 
length [5]. It indicates, with increase in chain length hydrophobicity of the alkyl groups 
increases and lumce increases the tendency of micelle formation. Further the micellisation 
is confirmed by high positive value of standard entropy of micellisation. Explanation for 
the high positive value of entropy as follows. Alkyl chains induce an increase in water 
structure around themselves is much, the same way as some nonpolar molecules such as 
noble gases can form clathrates with water. When micellisation starts that means alkyl 
chains aggregate in the form of micelle, the structured vxater around each chain reverts to 
ordinary bulk water with a considerable gain in entropy. If we put a nonpolar molecule' 
into water a cavity in the water is created, which temporarily disrupts some hydrogen 
bonds. This breakage of hydrogen bonding is compensat.' by forming more hydrogen 
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bonds. This means, the water molecules around the nonpolar molecule are much more 
order than elsewhere in the bulk of the solution and thus gaining some entropy. So, 
nonpolar solute molecules are driven together in water not primarily because they have a 
high affinity for each other but because water bonds sti'ongly to itself. 

3.6 Solubilisation : 

The teim solubilisat ion means solubilise the organic solute in the interior of the micelh*. 
Dissolution of hydrophobic materials into water form micelle. The interior of the micelle 
provides a hydrophobic environment in which nonpolar compounds can be accomodated. 
The addition of t he hydrophobic solubilisate cause the micelle to grow until the number of 
ionic h('ad groups per unit area of micelle surface is about the same as in the pure micelle. 
This implic's, smaller molecules should be more readily solubilised than larger ones. If a 
co-surfa.<'tant is addc'd, the curvature of the micelle surlace can be increased and a larger 
quantity of hydrocarbon can lie solubilised. Apparent solubilisation constant is defined; 

A = — (3.15) 

t-b 

where Ch is the concentration of unsolubilised organic solul.e in the bulk phase and A'(, 
the mole fraction of organic solute contained in he micellar species. K pertains to the 
equilibrium; 

Organic solute + Surfactant micelle = Organic solute . Micelle 
If f.he micelle aggregation number n is known, it is possible to multiply K by this 
number to obtain tlu' mass action equilibrium constant for the reaction : 

Organic solute +An — Organic solute. An 

Which represents the solubilisation of one molecule of the organic solute by a single 
micelle Here solubilisation of one molecule of the organic solute does not effect the 
micelle aggregation number %. 




Figure 3*1 Thermodynamic quantities of micellisation for n-alkyl methyl sulphoxides at 
296.7 K ploued against number of carbon atoms in the alkyl chain: (o) heat of micellisation 
from temperature dependence of the CMC; (•) heat measured calonmetrically; (A) 
standard free energy of micellisation (AG" ); and (C^ TA5^ 



Chapter 4 

EXPERIMENTAL WORK : 

4.1 Instruments and materials : 

Membrane 

Type : P<'rnu)inics 

Nature : I'lat disk, asyninu'tric, anisotropic, hydrophilic 

Diainet<*r: 0.076 rn 

MW(’0 : 1000 (pore size 0.59 nm) 

Composition : Cellulose ac<'tate material or hydrolysed cellulose acetate 
pH ; 2 to 10 

Allowwable maximum temi)erature : 90°C 
Support : Highly porous, 150 to 300 micro meter 
Skin : 0.1 to 0.5 micro meter 

Sterilisation : By hydrogen peroxide or formaline or ethylene oxide 
Sugg('st<‘(l cleaning: By detergent with enzyme or 2.5 percentage hydrogen peroxide 
Storage : I to 2 percentage formaline solution 
Stirrer characteristics 

Diameter of the stirrer : 0.056 m 

Height of the stirrer from the membrane : 0.030 m 
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Sealing fluid ; Sillicon grease 

Stirrer motor 

Type: Shunt, continuous rating 
Supply : 220v,DC 
Amperage ; 0.85 amp 
Horse Power : 0.125 Hp 
RPM : 1450 
Tachometer 

Model : 'Fosluiiwal hand tachometer: type 630 
Range : 30 1,o 50000 

Accuracy (rpni); 1.333 between 30-150 : 44.44 between 100 500 
1.333 betw<'en 300-1500 : 41.44 between 1000-5000 
1.333 between iJOO- 15000 : 14.44 between 10000-50000 

Voltage stabiliser 

Model : Automatic survo voltage regulator (Logic Control I’vt. Ltd) 

Type: LLS/VRT-7/89 

Current : AC, 50 cycles, 1 phase 

Capacity : 2.5 kVA; Input- l75-250v; Output 230 volt 

Type of cooling : Air 

VIS-UV Spectrophotometer : Sumadzu 160 

Compressure 

Type : VDE 0530 

Supply : 220 volt, 1 phase, 50 Hz 

Amperage : 2.6 amp 
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RPM : 1425 
Wattage : 180 W 

Unstrirred cell 
Material of construction : SS-316 
Total useful volume : 350 rnl 
Residual volume ; 50 ml 
Maximum operating pressure ; 1000 kPa 


4.2 Solutions : 

Solutions of cetyl pyridiniuin chloride ((’P(!) of molecular w<'ight 340 and phenol (PhOH i 
of molecular weight 94.11 w('re prepared using distilled water. Cetylpyridinium chloride 
wa.s obtained from Sigma Chemical Co., USA and phenol A.R. grade was obtained from 
Ranbaxy Laboratories Ltd., INDI.X. 

4.3 Design of experiments : 

Experiments were de.signed so that the effects of three major independent variable i.e. bulk 
concentral ion, pre.ssure differential and stirrer speed, can be properly understood on flux 
and rc’jedion. During experiments, two variable are held constant (e.g. bulk concentration 
and pressure) while the third (stirrer speed) were varied to get. exact picture of dependence. 
The lev<4s for conccmtration were 10.2, 20.4 and 30.6 kg/m.^ while the pressure were varied 
as 207, 3'15 and 483 kPa and the stirrer speed level were 210, 300, 400 and .540. 
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4.4 Experimental Procedure : 

After the experimental levels of variables were fixed, the experiments were conducted at 
the each set ol vaiiables. At first, a fresh porous membrane was placed on the porous 
support at the bottom of the cell as shown in fig. 4.1. The cell was then assembled. 
The main thing was then to allow for initial compaction of the membrane. For this 
purpose, the cell was pres.surised with distilled water for at least 2 hours at 620 kPa 
(the piessuic was higher than the highest level of pressure). Water flux was continuously 
measured during t.hi.s period. Constancy of water flux bi^yond this time interval suggested 
no further compaction of I, he membrane. The constant water flux was note down to 
calculati' imnnbraiu' hy<lraulic resistance {R^). Once the cell was assembled with cleaned 
and rinsi'd nunnhrane t.lie st.irrer spe'ed (for required rpm, for the stirred cell) was adjusted 
by regulating th<‘ voltage supi)ly through a varier. The ipm was measured by techometer. 
To calculate Ilux, cumulative volume of water was collected in measuring cylinder, and 
time for this colh'ction wa.s also noted. Permeate concentrations of surfactant and organic 
solute were calculated from absorption values using VTS-UV spectrophotometer. After 
each run, the whoh* cell was ringed thoroughly with distilled water. The membrane 
was thoroughly washed and rinsed with distilled water at least one hour to remove any 
deposition. 'Fhe water flux was then again checked to find ((uantitatively any adsorpt.ion 
resistance which act in series with membrane hydraulic resistance in the next run. This 
procedure was repeated for each set of operating conditions. 

4.4.1 Measurement of concentration : 

The optical densities (absorbancies) are additive, provided there is no reaction between 
the solute.*?. Therefore; 


- D\,\^ + i?2,Ai 

(4.1) 

+ -^2, As 

(4.2) 
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Where Ds, and opticaldenaitiesattwoioavelengthsand I, he subscripts 1 and 2 refer to the 
two different wave lengths. The wave lengths are selected to coincide with the absorption 
maxima of the solutes. I he absorption spectra of the two solutes should not overlap 
appreciably, so that substance 1 absorps strongly at wave length Ajand weakly at A 2 , and 
substance 2 absorbs strongly at A 2 and weakly at Aj. Now D = t.c.L where is the molec- 
ular extinction co-efficient at any particular wave length, c is the concentration expressed 
in gmoles [ler liter, / is the thickness (length) of the absorbing solution expressed in cm. 
If I remain constant. 


^Ai — ei„\,Ci + £'2,.\iC2 
= ^1,.\2<^1 + ^2,A2C2 

Solving th<‘ simultaneous ('(lations; 


(4.1) 


„ f2,A2'^Ai 

C, _ 

^1,A2^2,A2 ^2,Ai^1,,'2 

^ ^ ^t,Ai ™ ^nA2 ^A| 
fl,A,e2,A2-f2,A,ei,A2 


(4.5) 

(4.6) 


The values of the molecular extinction co-efficient and can be deduced from measurements 


of the optical densities of pure solutions of substances 1 and 2. By measuring the optical 
density of the mixture at wave lengths Aj and A 2 , the concentrations of the two components 
can Ix' calculated. Here 1 i.s for cetylpyridinium chloride (CPC) and and 2 is for phenol 
(PhOll). Siucf' th(^ solute cetylpyridinium chloride and phenol have maximum absorbance 
at 259 and 270 nm therefore, Ai = 259 and A 2 = 270. The UV-VIS spectrophotometer was 
uHc'd to calculate pernu^ate monomer and organic solutes concentrations. 
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4.5 RECOVERY OF SURFACTANT : 

To mate th<- procosx economically feasible, surfactant can be recovered and reused. Catloni, 
sarfac.tants can be recovered in an analogous fashion to anionic surfactants using either 
monovalent or multivalent counter ions. Cationic surfactant cetylpyridinium chloride 
could be recovered with chloride (monovalent anion) ,>r chromate (divalent anion). In 

our present case 90-93 percent surfactant recovery is possible. The details of the recovery 
process i.s shown in fig. 4.2. 




1. Membrane, 2. Porous Polyethylene Support j 3. 
’O’ Ring, 4, Cell Body, 5. Pressure Line Connec» 
tor, 6. Pressure Gauge, 7. High Pressure Proved 
Sttuflien Box, 8. Adaptor, 9. Stirrer, 10. Sample 
Outlet, 11. Feed Sample Inlet 


Cell 


Fig. 4.1 Ultrafiltration 
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FIG. tj,2. Process flow diagram for recovery of sodium dodecyl 
sulfate using sodium counterion. 




Chapter 5 

RESULTS AND DISCUSSIONS ; 

5.1 Influence of operating variables on the permeate 
flux and rejection : 

Three independent variables i.e. pres.sure differential, bulk concentration and stirrer speed 
were vari('d to st,ud,y their effect on flux and rejection as a function of time. 

5.1.1 Effect of pressure on permeate flux : 

Fig. 5.1 shows tlu' variation of permeate flux with time at different pressures, fixed bulk 
concentration (= 30/n.\/) of (.iPC solution and under unslirred condition. The curves 
indicate that the flux remains constant with time . This leads us to believe that there is 
no significant concentration polarisation occuring during UF; otherwise flux would have 
shown a decline in flux. Further, it may be noted that Ihese runs were taken under 
unstirred conditions. Hence, although flux remains constant but it is a depressed flux 
because of [lartial coverage of pores by micelles. This may be considered logical, as the 
micelle.s which liave formed are of very high MW ( 46000). Thus, exhibiting no o.smotic 
pressure or even extra any dynamic resistance against the flow. The figure also indicates 
that with increase in pressure flux increases. Obviously, with no significant concentration 
polarisation, with increase in pressure difFerential(Ap) flux increases linearly. 


40 
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5.1.2 Effect of bulk concentration of the solution : 

As the bulk concentration increases the permeate flux decreases. This fact is clearly 
indicated in figure 5.2 under unstirred condition. Osmotic pressure of the micellar so- 
lution inci eases with increase in bulk concentration, thus reducing the effective pressure 
differential (Ap — Att). But again with increase in concentiation, the dynamic extra re- 
sistance against flow was not observed which otherwise would have decreased flux with 
time. Furthei, the accumulation of large size micelles do not deter the* passage of solute 
and monomer through void spaces; thus causing no extra resistance as well against the 
flow. However, these always be depressed flux with paitial coverage of pores by micelles 
as discussed earlier. 

5.1.3 Effect of stirrer speed on permeate flux : 

The figure 5.6 clearly indicates the slight increase in flux with increase in stirrer speed. It 
must be stated liere that if IJF is carried out under unstirred condition, an instantaneous 
constant ix'sistance build ups giving rise to constant flux (as discussed in .section 5.1.1 
and 5.1.2). However, if stirring is introduced, micelles positions on membrane surface 
get disturlx'd and they keep changing their position. Such action is more vigorous witl) 
increase in stirrer speed. This leads to higher flux in higher rpm. Further, to add that mi- 
celles hydrodynamic radius is around 6 times larger than monomeric surfactant [4]. Hence, 
under stirred conditions membranes pores coverage by them is quite logical, because of 
attractive force between micelles and membrane. This phenomena has been explicitly 
further depicted in fig. 5.4 and Fig. 5.5 shows the effect of feed side GPC concentration 
under both stirred and unstirred conditions. It was observed permeate concentration in- 
creases with increase in feed concentration under unstiirer conditions. The rate ol whicli 
is higher at higher feed concentration. This may be explained due to the fact that micelle 
when thev move towards membrane in unstirred condition make a porous layer on the 
membrane surface. This layer make a local concentration gradient with the permeate 
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side. Due to this concentration gradient CPC moves at a Brster rate to the permeate side 
resulting higher concentration. The probability of making porous layer is higher for high 
CPC concentiation. From fig. 5.5 it is further observed that under stirred condition, there 
is practically negligible increase in permeate concentration upto 200 mM feed concentra- 
tion; beyond which there is an exponential rise in permeat<' concentration. Explanation 
of these behavior is similar as has been above. However, it may be further attributed 
that upto 200 niM of feed concentration stirring at 540 ipm is sufficient enough to disturb 
micelles position from surface. Hence, losely bound monomer on micelle surface are noi 
being to lx* present at the surface and hence no perm?atioii of them. Whereas beyond 
200 inM elh'ct of stirring is lost wih respect to the available membrane area and number 
of micelle formed. These t rends have been replotted in fig. 5.7 in terms of percentage 
rejection of CPC against feed side (JPC concentration as function of pressure. Obviously, 
as permeat(' concentration increase percentage rejection decreases; hence inverse trends 
have l>een olt.served as compare to fig. 5.7. 

5.2 Influence of surfactant concentration on solute 
consumption : 

Fig. 5.() shows the percent age consumption of phenol which increases with increase in 
feed CP(’ concentrations. For the three different pressures, the consumption pattern is 
observed to be similar. From these curves it is also clear that there must be an optimum 
surfactant /solute ratio in which efficiency of MEUF will be maximum; which, incidentally, 
for our case is around 30. Iffirther, this value of 30 seems to be independent of pressure. 
It is also obvious from the curve that MEUF efficiency decreases with increase in pres- 
sure. This is because with increase in pressure solute containing capacity of the micelle 
decreases. Hence, one can conclude for effective removal of organic solute lowei pres- 
sure region are advisable. Explanation for other behaviours have alieady been discussed 

earlier. 
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5.3 M^athematical model for the development of con- 
centration : 

5.3.1 Profile within the micelle : 

It was observed experimentally that organic solute can easily be removed from aqueous 
streams using MEUF. However, their quantitative estimation could only be done by ex- 
periments. Lots of research has been carried out to study various aspects of MEirP [2], 
However, there is practically no information available for the quantitative estimation of 
solute consumption in MEUF. In the present work, it was our objective to find the solute 
distribution within micelle in order to predict the solute consumption from bulk of solu- 
tion, once it comes to the surface of the micelle. This may further provides to estimate 
the solut(' containing rapacity of the micelle, through the development of the concentra- 
tion profile within the miccdle. Inspired from a work of the influence of co-solubilisate 
within the micelle [3]. the present work has been taken up. The role of hydrophobic co- 
solubilisates such as cycloh(;xane and carbon tetrachloride for the removal of hydrophilic 
compound by MEUF depicts the movement of solute within the micelle as shown in lig. 
[5.8]. 

In order to develop simple however realistic model the following assumptions were 
taken : 

1. The micelle formed i.s spherical, since for anionic, suifactants the electrostatic re- 
pulsion between adjacent head groups results in a hirge value of uq. Attractive 
and repulsive interactions occuring in the interfacial head group region of amphilic 
structure is shown in fig. 2.3 [5], no is the optimal head group area. 

2. Aggregation number is not changing during the period of time. Since, surfactant 
monomer rapidly join and leave micelle, whose aggregation number represents only 
an average over time and taken as constant. 
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3. The diffusion of solute is only due to polar and ncmpolar interaction. 

4. Diffused solute front is moving similar to the re<Lctioa front similar to a gas-solid 
reaction as in unreacted core model, as shown in Rg. 5.8. 

5. ('onstant physical properties of the micelles and the solute during experimentation. 

6. Distribution of solute in stern layer is negligible. Since, for both cationic and anionic 
st,irfactants have such a strong affinity for water that they spaced out themselves to 
allow as much water iis possible. Therefore, stern layer may e assumed to be polar 
in nature. 

7. No reaction between surfactant and solute molecules. 

8. Process is instantaneous. 

9. Solute distribution is .symmetrical with respect tc 0 and as in fig. 5.9. 

The ecpiation of continuity in spherical co-ordinate (I'or constant density and viscosity) 


dc f dc Vg^ V 4 , 

dt "** \ dr'^ r 30 r sin 6 d(j) ) 


\r'^ dr \ dr J 


. 1 d ( . 

'^r‘^sm 0 30 \^ 30) r'^ ^\in^ 0 d<P j 


+ R 


(5.1) 



chapter 5 Results and discussions 


45 


Considering no reaction between surfactant and solute molecules and solute distribu- 
tion to be symmetrical with respect to and coordinates of the spherical micelle as shown 
in fig. 5.9, equation 5.1 reduces to ; 


dC 

di 


= D 


’1 d 


r2 dr ■ 

1 dr)\ 


(5.2) 


Fuithei if the piocess is assume to be instantaneous equation -5.2 after integration 


becomes : 


,dC 

^ dr 
C{r) 




A'l 


+ A'., 


(.5.3) 

(5.1) 


BC’Hair = ro, C(r) = 0 
and r = A, C (r) = Cmax 
where // = 

In corporating this boundary conditions 5.4 is solved i-o provide the concentration 
profile as : 


C(r) 


HCpRrp [ 1 


(A-ro) 


^"0 


r 

A. 


(5.5) 


In order to obtain an average concentration of the solute in the micelle for the quan- 
titative estimation of solute consumption equation 5.5 tvas integrated between tq to A to 
obtain average concentration of the solute as : 


C = 


f Airr'^C (r) dr 


|^( A" - rg) 


(5.6) 


Substituting equation 5.5 in 5.6 and after arrangement and simplification the average 


concentration was obtained as : 



chapter 5 Results and discussions 


46 


^ J 

The detail derivatives are available in appendix 1. 

5.3.2 Analysis of the results of the model : 

The model to obtain the average concentration of solute within micelle, given by equation 
5.7, was used to estimate equilibrium parameter if, or maximum concentration C^ax in 
the micelle pliase as a function of micelles mole fraction (<&s) in the bulk phase, initial 
bulk concentration C’o and permeate concentration Cp. The hydrodynaic radious of R{2 J) 
mn) for ('PC' micelle is obtained from literature [4]. The value of alkyl chain lengths 
about 2.45 ntn [IS] (appendix 2). 

Material balance for a unit volume. 

The solute mass balance is obtained as: 



Cp = Cp + ^sC 

(5.8) 

Therefore, by substituting 

the value of r^[R{= 0.02) in eqaf ion 5.7 

one can obtain 


c = omsHCp 

(5.9) 

From 5.8 and 5.9 one gets 

Co - Cp = o.mm^sHCp 

(5.10) 

and after simplification : 


■ (5.11) 
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5.3.3 Equilibrium parameter 

Fig. 5.10 depicts concentration profile within the micelle, which has been plotted from 
equation o.o. It is interesting to observe that as the pressure on the bulk solution in- 
creases duiing ulti ahltration, average solute concentration within micelle decreases. This 
indicates a decrease in M value with increase in pressure. Decrease in H value with in- 
crease in pressure ma\ be explained from the behavior of the micelles. It may be assrtmed 
that with the increase in pressure, the micelles become comjract there by losing its solute 
containing capacity, .\nother observation of fig. 5.10, leads us to understand that there 
is a drastic reduction of solute concentration near ere centre of the micelle. Therefore, it 
may be assumed that with increase in hydrodynamic radius of the micelles, solute con- 
taining capacity of the micelle increases. From fig. 5.11 it is clear that when surfactant 
concentration inci-eases with respect to PhOH, there is small increase in H value. This 
may lx* at.tributed to the fact that with increase in CPC concentration, micelle concen- 
tration increases. Therefore, with increase in micelle concentration, the solute containing 
capacity of the micelle will also increase. As explained earlier, this may lead to decrease 
in permeate concentration of the solute and hence leads to decrease in unsolubilised solute 
concentration in the feed side. Lower values of Cp give rise to higher values of H. 

5.3.4 Solubilisation constant : 

Solubilisation constant K is plotted against mole fraction of phenol within micelle, as in 
fig. 5.12. The curves show that for a particular operating i)ressure, K increases with 
increase in solute mole fraction within the micelle. This is ol)vioiis aa solute mole fraction 
within micelle increases, the solubility of solute in micelle phase also increases; since K is 
the reflection index of solubility of the solute within micelle, .so it will increase. When the 
pressure of the system is increased tfie solute containing capacity the solute containing 
capacity of the micelle decreases. This phenomenon hass already been discussed earlier. 
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5.4 CONCLUSIONS : 

Based on the experimental studies carried out for MEUl*'' and the theoretical development 
of a concentration profile within micelle the following conclusions may be drawn. 

1. Constant flux uas oltserved during an experimental run under constant applied 
piessure and bulk C PC concentration, suggesting negligible effect of concentration 
polarisation. 

2. Increase in pressure increases the monomer and solute < oncentrations (carried by mi- 
celle) at the membrane surface, increases concentration of both solute and monomer 
in permeate. 

3. Stirring during MEUF plays an important role in terms of disturbing the setth' 
micelles on t.he membrane surface (also due to attracti\ e forces); there by, improving 
permeate flux. However, the effect was found to be upto 200 mM of feed CPC 
concentration at 540 rpra. 

4. Increase in pressure dc'creases the solute containing capacity of the micelles. Maximum 
solute consumption within micelles was also observed to be controlled by a optimum 
surfactant /solute ratio (30). 

5. Theoretical development of the concentration profile within micelle suggested that 

there is drastic reduction of solute near the centr<; of the micelle. Maximum distri- 
bution of solute concentration present in the micelle was observed within SOmicelle’s 
radius from surface. , 

6. Experimental results were confirmed by theoretical model suggesting that as per- 
meate concentration increases equilibrium param('ter H decreases. 

7.. Recovery of surfactant made possible by adopting a standard procedure [17]. 
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5.5 RECOMEND ATIONS : 

1. Experiments have performed by taking one solute and one surfactant, this could be 
done for other solutes and surfactants also. 

2. The effect of temperature on solute consumption within micelle has not been studied 
in this work. This can be investigated further. 

3. Experiments may be conducted for other pressure region also. 

4. Investigation using different MWCO membranes may be explored. 

5. The memi)rane separation may be investigaed in a continueous frame of reference. 
Which is actually suitable for the industries. 
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Fig. 5.5. Comparison of permeate concentration with feed concentation between stirred 
and unstirred batch UP 
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Pig. 5.6. Variation of phenol concsumption with CPC to phenol ratio in the bulk. 
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Fig. 5.9. Schematic of the choice of the coordinates in the spherical micelle. 
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Fig. 5.10. Radial solute tdstribution within the micelle for difierent pressurej in unstirred 
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Fig, 5.11, Variation of the equilibrium parameter with GPC to phenol ratio ft>r different 

pressures in unstirred batch cell. 
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Fig. 5.12. Varlatipn of solubilization equilibrium with mole fraction of phenol in micdle 
for different pressures. 



REFERENCES : 


1. P. S. Leung and A. R. Cooper. ’’Ultraflitration meinbraiieH and appliration.s”, Plenuui 
Press, New York. 415-421(1979). 

2. J. F. Scamehorn. J. H. Harwell, D. T. Wasan, D. 0 Shah and M.E.Ginn(Ed.),“Surfa( (;i.iii 
and chemical engineering”, Marcei Deififer Inc, N(iw York, 1986. 

3. K. Kandori and R. S. Schechter, ‘■‘Selection of surfactants for micellar-enhanced ul- 
trafiltration”, Sep. Sci. TechnoL, 25. 83-108(1990). 

‘ 1 " ' \ I * Ik'' * ... . ' I 

4. J. H. Markets, S. Lynn and C. J. Radke, “Micellar ultrafiltration in a unstirrer batch 
cell at a constant flux", j. of Membrane Sci, 86, 241-‘26 1(1994). 

hf: t-,; I 

I 

I 

5. J. H. Clint, “Surfactant aggregation”, Chapman and Hall, New York, 86, 1992. 

■ . .■ . " / [' 

i 

6. K. Shinoda, T. Nakagawa, B. Tama^ushi and T. Isemura, "Colloidal surfactants ”, 
Academic Press Inc.. New York, 1963. 

■ ■ . ■ ■ " ' ■ ” ■ ' ■ " : ' I 

I 

^ ■■■ : ■■ ■' ■ ' ■ ■ f 

7. R. O. Dunn and et al., Sep. ScLTechnol. 20,257(1985). ^ j 

' 

I 

8. S. N. Bhat, G. A. Smith, E. D. Tucker, S. D. Christian and J. F. Scamehorn, “Sol- 

ubilisation of Cresols by 1-Hexadecylpyridinium Chloride Micelles and Removal of 
Cresols from Aqueous streams by Micellar- Enhanced Ultrafiltration”, Ind. Eng. 
Ghem. Res., 26, 1217-1222(1987). I 



9. R. D. Lisi, V. T. Liveri, M. Castagnolo and A. Inglese, “Mass action model for 
solute distribution between water and micelles. Partial molar volumes of butanol 
and pentanol in dodecyl surfactant solutions”, J. Solution Chem.. 15, No. 1. 23- 
54(1986). 

10. W. S. Higazy, F. J. Mahmoud, A. A. Talia and S. D. ( drristian. “Effects on the mi- 
cellar solubilisation of organic compounds by surfactant micelles. 1. Length of car- 
boxylic side chain in aromatic acids”, J. Solution Chem., IT, -.No. 3. 191-202(1988). 


11. G. A. Smith, S. D. Christian, E. E. Tuckner and J. F. Scamehorn. "Use of the semi- 
equilibrium dialysis method in studying the thermodynamics of solubilisation of 
organic compounds in surfactant micelles. System n-h(‘xadecyl pyridinium chloride- 
phenol- water”, J. Solution Chem., 15, No. 6, 519-529( 1986). 

12. D. N. Rubingh and P. M. Holland, “Cationic surfactants”, Marcel Dekker Inc, New 

York,’l991:‘"'' '' ' ' ‘ 

'"!* c-.,. 1 . 

13. R. F. Kamrath and E. I. Franses, ’’Non ideality of Mixing of Micelles of Fluoro 
Carbon and Hydro-Carbon Surfactants and Evidence of Partial Miscibility from 
Differential Conductance Data”, J. Phys. Chem.. 80, 1388(1991). 

14. S. D. Christian, S. .N. Bhat, E. E. Tucker. J. F. Stameliorn and D.A.El-Sayed, “Mi- 
cellar enhanced ultrafiltration of chromate anion flora aqueous streams”, A/CiE,34, 
No. 2, 189-194(1988). 



65 


15. K. J. Mysels and L. H. Princen, "Light Scattering by Some Laurj-l Sulphate Solu- 
tions”, J. Phys. Ciem., 63. 1696(1959). 

16. G. S. Hartley, '‘Aqueous solutions of paraffin chain salts", Hermajin. Paris. 1936. 

17. J. F. Scamehorn and .1. H. Harwell, "Surfactant-Based Separation Processes". Mar- 
cel Dekker Inc., New York, 1989. 


18. L. F. Fieser and M. Fieser. ".Advanced Organic Chemistry”, Reinhold Publishing 
Corporation, US. A. 1961. 


19. M. C. Porter, “Handbook of Separation Technique-s for Chemical Engineers”, McGraw 
Hill, .New York, 1979. 


20. P. Mukherjee, “Solubilisation Chemistry of Surfactants”, Vol.l (K.L. Mittal, ed.). 
Plenum Press, 1979. 

21. E. .A. Disalvo, “Permeability of Water and Polar Solutes in Liquid Bilayers", Adv. 
Coll. Interface Sci., 29, 141. 

22. J. H. Clint and T. Walker, "Thermodynamics of micelk^isation of homologous se- 
ries of n-alkyl methyl sulphoxides and n-alkyl (dimethyl) phosphine oxides", .J.cbeni. 
soc., (Raraday Trance. I), 71, 946(1975). 



23. J. N. [sraelachvili. ”Inter molecular and surface forces, London. 2.51(1985). 

24. J. N. Israelachvili. ’’Physical principle of surfactant self association into micelles 
vesicles and microemulsion in surfactant solutions”, K. L. Mittal (Eds.). Plenum 
press, New york, 4. 3(1987). 







APPENDIX 1 

R 

J 47rr^C(r}dr 


■ 4/3^(ft3-rg) 


SHCpRro 


■ (H-ro)(fl3_r3);: 

/ [ro 

3HCpRrQ 1 

IM. . 

■ (fi-ro)(fi3-r3) 1 

[3ro 

3HCpR 1 

T i fi 


[i («= + iir„ + rj) ~f(R+ r-o)] 


[2i!^ + JiJro + 2r| - 3*„ - 3r21 


3HC„R 

6(fi3-,3) 


[2i?2 - roiZ - r2] 


3HCpB? 

6(R3_,3) 



HC'p 

2 



APPENDIX 2 

C ( 5 P^) - -C( 5'P2) = 1.54A 
A (5P^) - -C (5P^) = 1.47A 
Therefore, R-tq = 15 * 1.54 + 1.47 = 24.57A 
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